It has been demonstrated that multiple and high-angle light scattering from metallic plasmonic nanoparticles (NPs)[@b1][@b2][@b3][@b4] can improve light absorption in solar cells and related devices through nanoscale light trapping. Parasitic absorption of metallic NPs and interference losses at the wavelengths below resonance frequency[@b5] can reduce the effectiveness of the NPs when they are located on the front of Si and GaAs solar cells. This is particularly evident for silver and gold nanoparticles, where high-index substrates such as Si can red-shift the resonance wavelengths further into the visible spectrum, thereby impeding useful absorption of the high-energy wavelength spectrum. Rear-located metal NPs and dielectric nanostructures were then investigated to circumvent this problem[@b6][@b7][@b8]. Recently, Al with a plasma frequency in the ultraviolet has attracted attention due to its lower parasitic absorption over the solar spectrum and its ability to scatter light in the entire visible region[@b7][@b8][@b9][@b10][@b11]. Although front-located Al NPs were not considered beneficial for crystalline silicon solar cells due to their strong absorption band at approximately 800 nm[@b12], recent studies have shown front-located Al NPs to be advantageous[@b13][@b14]. The motivation for this work was the results reported recently in which a 22% integrated efficiency enhancement was obtained by locating Al NPs on the top surface of GaAs photodiodes[@b11]. The spectral region of 400 nm--900 nm, where efficiency enhancements were reported, is of interest to triple junction solar cells (3JSC), which have a similar response region for top GaInP and middle GaInAs sub-cells. Hence, we investigated the potential of Al nanoparticles for improving the efficiency of 3JSC.

The high-efficiency of multi-junction solar cells has been particularly attractive for cost-effective terrestrial concentrator systems[@b15]. Interest was stimulated when a milestone record efficiency of 40.7% was achieved via an upright metamorphic 3-junction GaInP/GaInAs/Ge concentrator cell[@b16][@b17]. III--V multi-junction concentrated photovoltaics (CPV technology continues to grow rapidly in efficiency.

The state-of-the-art commercially available 3JSC in a CPV system is a monolithically stacked Ga~0.50~In~0.5~0P/Ga~0.99~In~0.01~As/Ge junction, which has reached conversion efficiencies of 41.6%[@b18][@b19][@b20]. Theoretical calculations show that the ideal 3JSC device should have respective bandgaps of 1.7 eV and 1.1 eV for the top and middle junctions to achieve current-matching to Ge and maximise efficiency. The bandgap for the upper two junctions is 1.9-1.8 eV and 1.4 eV in the state-of-the-art Ga~0.50~In~0.50~P/Ga~0.99~In~0.01~As/Ge solar cell, which is higher than the ideal bandgap, thus resulting in less current in both sub-cells and leading to a current imbalance between sub-cells[@b15].

Because the mismatch results from inefficient light absorption and conversion in the two upper sub-cells, improving the light absorption of these sub-cells is an effective path to solving this problem. Reducing surface reflection in the wavelengths of interest or lowering the bandgap of the upper two junctions via increasing the indium content in alloy III-V material are useful methods that have been adopted[@b15][@b21]. Conventional AR coatings for 3JSC are composed of a stack of dielectrics with different refractive indices such as MgF~2~/ZnS[@b22], Al~2~O~3~/TiO~2~[@b20], and MgF~2~/TiO~2~[@b17]. The best simulated double-layer AR (DLAR) coating of MgF~2~/ZnS showed a 1.6% weighted reflectance over the response spectra (300--650 nm) of the top sub-cell[@b21].

The epitaxial growth process for multi-junction cells requires planar geometries, thus making it challenging to apply any sort of traditional texturing or nanotexturing. This fact makes light trapping with optically coupled structures, such as plasmonics, of interest. For III-V multi-junction solar cells, the front configuration for metal NPs would be preferable to the rear one because the Ge bottom cell does not require any additional light trapping. The front-deposited Al NPs could therefore provide a pathway to improving the light absorption of upper sub-cells in 3JSC to alleviate the current mismatch.

Motivated by the recent report of improvement in GaAs photodiodes[@b11], we investigated the feasibility of front-deposited Al NPs to improve the external quantum efficiency (EQE) of the top and middle sub-cells in the 3JSC configuration of GaInP/GaInAs/Ge. We compared our results with earlier work[@b11] and benchmarked the performance to the case with standard AR coatings. While random metal nanoparticles may have the potential to provide the necessary broadband response to enhance the performance of the top and middle cells combined, uniform arrays are investigated through simulations to aid better control over current matching issue in 3JSCs. In this work we make use of well accepted physical models to study and understand the potential of plasmonics for a 3JSC which has not been previously reported in the literature.

3JSC Structure and Simulation
=============================

Because the current of a multi-junction solar cell can be limited by either the top or middle cell, it is critical that the light coupling process be as broadband as possible. For this purpose, we benchmark the performance of the two upper sub-cells based on the front reflectivity and the calculated EQE after incorporation of the Al NPs. Ideally, the reflection for each of the sub-cells should be low and the EQE high.

The finite-difference time-domain (FDTD) simulator Lumerical (Lumerical Solutions Inc.) was used to optically model the device. The wavelength-dependent surface reflectance (WDR) and light absorption (WDA) in each sub-cell was directly simulated. Both WDR and WDA are the impulse response of the system excited by a FDTD source of a Gaussian pulse. The solar weighted reflection (SWR) was calculated as[@b23].

where P~AM1.5~ is the solar spectral power density, which represents the solar spectral irradiance under AM1.5 global radiation.

The internal and external quantum efficiencies (IQE and EQE) are also normally used to characterise the performance of solar cells, defined as the ratio of the number of collected charges to absorbed and incident photons, respectively. Assuming an IQE of 100% (i.e., the generated carriers are fully collected without recombination), the EQE will attain its maximum value and can be calculated solely from an optical simulation of the device. In this study, the calculated EQE is the same as WDA. The EQE was solar weighted and integrated (expressed as SWQE) over wavelengths by using the same equation as for SWR but with the integration over the 350-650 nm range for the top cell and over the 650--900 nm for the middle cell. The short circuit current density for each cell is given by

where *h* is Plank's constant, *c* is the speed of light in free space and *q* is the charge on an electron, with the *λ*~*1*~ and *λ*~*2*~ ranges selected in the same way as for SWQE.

As a check, we first replicate the calculation for single-junction GaAs photodiodes as reported by others[@b11] and find our results comparable with those published. The GaAs cell comprises a 25-nm SiO~2~ spacer layer, a 30-nm InGaP window layer, a 500-nm InGaP back surface field layer and a 500-nm active GaAs region on a GaAs substrate (see [Fig. 1a](#f1){ref-type="fig"} inset). The nanoparticle diameter, height and period are 100, 50 and 200 nm, respectively with an additional period of 400 nm for the Al NP. As shown in [Fig. 1](#f1){ref-type="fig"}, the NP absorption spectra ([Fig. 1(a)](#f1){ref-type="fig"}) and the device reflection spectra ([Fig. 1(b)](#f1){ref-type="fig"}) in our calculations are very similar to those reported by other workers[@b11] at most wavelengths. Because 100% IQE is considered in these calculations, the simulated results represent the upper limit EQE of the device. This explains why our calculated EQE in [Fig. 1(c)](#f1){ref-type="fig"} yielded similar trends but with larger values than those from the literature because these were experimental EQE results. In [Fig. 1(d)](#f1){ref-type="fig"}, the reference cell and the cell with Al NPs for the 25-nm SiO~2~ thickness from the original study are compared to the case of the 100 nm-thick SiO~2~ AR coating with and without the Al NPs and will be discussed more in the later section. The reference cell reported in the literature[@b11] is a cell without NPs but with the same thickness of the SiO~2~ layer (25 nm) as with the NPs.

As the results in [Fig. 1](#f1){ref-type="fig"} show, Al NPs gave promising results, with the Al interband transition at approximately 800 nm having no detrimental effect on the photocurrent compared to the reference cell. The spectral range from 400--900 nm was improved, which is the same spectral range for the two top sub-cells in the 3JSC structure. We hence used these results to further extend our scope to 3JSC to address light-trapping problems and investigate the potential for any improvement.

It is well known that a typical monolithic 3JSC device has three stacks of cells with different bandgaps, which are connected by wide bandgap tunnel junctions[@b18][@b24][@b25]. The nearly 20 layers in a 3JSC are normally fabricated by molecular organic chemical vapour deposition (MOCVD)[@b27]. Although the GaInP/GaInAs/Ge 3JSC has been commercialised and already applied to CPV, the structural details, including specific layer thickness, material component and doping parameters, are not in the public domain. Hence, a device structure based on published literature[@b25][@b26][@b27][@b28] is chosen as our simulated structure of GaInP/GaInAs/Ge 3JSC, which is shown in [Fig. 2](#f2){ref-type="fig"}. The ternary alloy Ga~0.51~In~0.49~P was used as the back surface field layer for the middle sub-cell, the first tunnel junction, and the active material of the top sub-cell. Another main ternary alloy, Ga~0.99~In~0.01~As, was selected as the buffer layer, the second tunnel junction and the p-n junction of the middle sub-cell. Periodic cylindrical Al NPs of 50 nm height were placed on the front top surface of a SiO~2~ spacer layer. The height of the particles was fixed, with the period, the diameter and the thickness of the underlying SiO~2~ layer taken as variable parameters.

In our 3JSC simulation, the optical constants of GaInAs, GaAs, Ge, SiO~2~, Al, MgF~2~ and ZnS are directly or linearly interpolated from Palik[@b29]. The optical constants for the quaternary alloy AlGaInP and ternary alloys GaInP, AlGaAs and AlInP are all indirectly derived from the SOPRA *n & k* database.

Results and Analysis
--------------------

SWR and SWQE data are used to benchmark the performance of the two sub-cells compared to the reference without NPs. The response of the top and middle sub-cells are investigated independently (SWQE) and together (SWR). The typical response of a GaInP top cell is from 300--650 nm and of a GaInAs middle sub-cell is from 650--900 nm.

Performance of flat 3JSC with SLAR of SiO~2~ as a reference sample
------------------------------------------------------------------

We calculated the SWR, SWQE for the two upper sub-cells with different thicknesses of SiO~2~ without NPs, with the SiO~2~ acting as a single-layer antireflection coating (SLAR) in this case. As shown in [Fig. 3(a)](#f3){ref-type="fig"}, the maxima for SWQE for the top (74.2%) and middle (82%) cells are at 80 nm and 140 nm-thick SLAR, respectively. The minimum SWR is at the thickness of 100 nm, with a value of 12%. The minimum SWR, maximum SWQE for the top cell and middle cell are not at the same thicknesses of SLAR. [Fig. 3(a)](#f3){ref-type="fig"} also shows that the SWQE of the middle cell is higher than that of the top cell for all our calculated SLAR thicknesses, while [Fig. 3(b)](#f3){ref-type="fig"} displays the same trend in the corresponding current density (integration spectrum 350--650 nm for the top cell and 650--900 nm for the middle cell). Therefore, the overall current of the whole device is mainly limited by the top sub-cell. The maximum currents of the top and middle sub-cells were 12.2 and 13.9 mA/cm^2^, respectively. While these values are more applicable to the material, structure and thickness of the layers assumed in this study and might not be a true representation of a typical 3JSC device performance, they do give an indication of the change in response from the two sub-cells. [Figure 3(c)](#f3){ref-type="fig"} shows the reflection for the two different thicknesses of SLAR. Also included is the 25-nm SiO~2~ case for comparison (without NP), which clearly shows significant loss due to reflection. Based on the results from our simulations, 80-nm SiO~2~ gave good overall current and is a good compromise between SWQE and SWR for the two sub-cells. Therefore, it is taken as our reference for comparison purposes and will be referred to as SLAR henceforth.

Performance of Al-incorporated 3JSC
-----------------------------------

### SWR over 350 to 900 nm

Because Al NPs with a diameter of 100 nm and a height of 50 nm demonstrated EQE enhancements from a GaAs cell in Ref [@b11], we chose the same parameters for our initial simulations. This series of data was labelled D100H50 (D- diameter, H- height, and the related dimensions signify the number in nm) for convenience. The period of the NP array and thickness of the underlying SiO~2~ layer were taken as variable parameters. The period was varied from 100 to 450 nm, and the thickness of the underlying SiO~2~ layer varied from 15 to 80 nm for each period. [Figure 4(a)](#f4){ref-type="fig"} shows the calculated SWR for the D100H50 series. [Figure 4(b)](#f4){ref-type="fig"} shows the interpolated SWR contour map, which is obtained by triangulation-based cubic interpolation of the discrete data in [Fig. 4(a)](#f4){ref-type="fig"}. The SWR tends to decrease rapidly with the increase in period up to 200 nm. This finding signifies that denser Al NPs perform more like a highly reflective coating, resulting in the loss of useful light. The calculated minimum SWR is 8.7% for NPs with a period of 200 nm and a SiO~2~ thickness of 40 nm (naming convention used: P200AR40, P- for period of the NPs, AR- for the thickness of the underlying SiO~2~ layer), while the interpolated minimum SWR is 7.5% for NPs with a period of 168 nm and a SiO~2~ thickness of 25 nm.

### SWQE for top sub-cell over 350 to 650 nm

Here, we investigate the response of the GaInP top sub-cell in the spectral region of 350--650 nm. [Figure 5(a,b)](#f5){ref-type="fig"} shows the calculated and interpolated SWQE for the GaInP top sub-cell, respectively. The interpolation method is same as that used in [Fig. 4(b)](#f4){ref-type="fig"}. The maximum calculated and interpolated SWQE for the top GaInP sub-cell is 74.4% and 74.5% with NP configurations of P400AR60 and P375AR59, respectively.

### SWQE for the middle sub-cell over 650 to 900 nm

As shown previously, similar plots were extracted for the middle sub-cell. As shown in [Fig. 6(a)](#f6){ref-type="fig"}, the maximum SWQE for the middle cell is located at P200AR80, with a value of 79.8%, while the contour map (see [Fig. 6(b)](#f6){ref-type="fig"}) showed that the maximum is at P168AR56, with a SWQE of approximately 81.6%.

Comparing [Figs 4](#f4){ref-type="fig"}(b), [5](#f5){ref-type="fig"}(b) and [6](#f6){ref-type="fig"}(b), it was found that the minimum SWR, maximum SWQE for the top and middle cells did not accurately align with the optimised parameters for each case. The optimum underlying SiO~2~ layer thickness was found to be approximately 60 nm for SWQE.

Since the Al nanoparticles are deposited on the front, they would exhibit both anti-reflection as well as light trapping properties[@b1]. While the enhanced coupling and scattering into the semiconductor layer contribute to minimised reflection in the former (SWR), the large angle scattering assists with the latter (SWQE). These two affects together aid the low SWR and high SWQE observed in these simulations. The plasmon resonance of the Al nanoparticles being in the ultra-violet region of the spectrum means that the losses due to fano resonance in the visible region normally seen for Ag and Au particles are avoided. The increased SiO~2~ thickness in both cases compete with the coupling of the scattered light from the nanoparticles into the semiconductor. In the SWR case ([Fig. 4(a)](#f4){ref-type="fig"}) the scattering from the Al nanoparticles dominate for pitch \<250 nm for thinner spacer layers where the reflectance is still lower than the thicker layers of SiO~2~. However, as the pitch increases, the particle coverage get sparse, thereby reducing the overall scattering. In this case the anti-reflection effect from the thicker SiO~2~ dominates.

Comparing the SWQE of the two sub-cells, the impact of thickness of SiO~2~ is more evident in the top cell in [Fig. 5(a)](#f5){ref-type="fig"} because of coupling and strong scattering as mentioned earlier. Compromise between scattering due to reduced coverage and reduced coupling explains the loss in EQE for thicker spacer layers. However for the middle cell, the thickness of the spacer layer was consistently lower to the 80 nm reference in most cases as seen in [Fig. 5(a)](#f5){ref-type="fig"}. This is attributed to the difference in the optimised parameters for the top and middle cell and is evident in the J~sc~ results in [Fig 3(a)](#f3){ref-type="fig"}.

Because the earlier simulations assumed a fixed diameter of 100 nm and a height of 50 nm for the Al particles based on the reference study[@b11]. We fixed the height to 50 nm and varied the diameter of the particles to study the effect of size variation in the response of the sub-cells. Larger and smaller Al NPs with the same period and thickness of AR were investigated. D150H50 and D80H50 were investigated with the optimised values of P375AR59 (see [Fig. 7(a)](#f7){ref-type="fig"}) for the top sub-cell and with P168AR56 (see [Fig. 7(b)](#f7){ref-type="fig"}) for the middle sub-cell. [Figure 7](#f7){ref-type="fig"} shows that varying the diameter of the NPs did not improve the results, and on the contrary, larger particles performed worse. This is because larger particles would red-shift the resonance to longer wavelengths thus impacting the short wavelength response that the top and middle subcells would be more sensitive to. Thus, based on our calculations, D100H50 with P375AR59 and P168AR56 were regarded as the optimum configurations for the top and middle sub-cells, respectively, with a SiO~2~-based spacer layer.

### EQE spectra of NP-incorporated 3JSC VS reference 3JSC with SLAR and DLAR

Multiple bandgap solar cells need to convert a larger spectral range to useful power with the additional challenging demand of the need for current matching. Antireflection (AR) layers are traditionally used either as a single layer or a double-layer stack optimised for the 350--900 nm range, favouring the spectral range of the current limiting top and middle sub-cells[@b30]. Thus, any reported enhancements must be compared to a standard cell structure. The potential for enhancements is promising only if they exceed standard cell structures. Here, we compare the performance of the Al NPs to that of standard SLAR or DLAR typically used in 3JSC.

A large fraction of the scattered light from the Al NPs will be coupled into the substrate, and the exact fraction will be determined by the spacer layer thickness. It may be noted that using Al NPs on a standard thick SLAR will reduce the coupling of the scattered light into the absorber layer and thereby reduce the light absorption as discussed earlier. Because 3JSC with a SLAR of SiO~2~ yielded the overall maximum current when the thickness of SiO~2~ was 80 nm, we chose this structure as the reference for comparing the EQE spectra with Al-NP-incorporated 3JSC. Based on the optimised results, D100H50 with P375AR59 and P168AR56 were chosen for EQE to compare the performances of the top and middle sub-cells, respectively. As shown in [Fig. 8(a)](#f8){ref-type="fig"}, Al NPs with P375AR59 demonstrate higher EQE for the top cell than the SLAR reference at wavelengths below 450 nm, while Al NPs with P168AR56 show higher EQE for the middle cell at wavelengths of 600--900 nm.

For comparison, a DLAR response comprising 82 nm MgF~2~ and 44 nm ZnS[@b22] is also considered. [Figure 8(a)](#f8){ref-type="fig"} shows that the DLAR is optimised for the middle cell, although the increase in EQE is modest for the top cell compared to the SLAR. Our results show that the minimum SWR for the sub-cells with Al NPs was 7.5% ([Fig. 4](#f4){ref-type="fig"}), which is less than that of the reference 3JSC with SLAR SiO~2~ (12.0%). The minimum SWR for NP-incorporated 3JSC appears at a configuration with a thinner underlying SLAR of 25 nm than the reference 3JSC, which agrees well with the spacer layer thickness from earlier work[@b11]. The maximum SWQE of 74.3% for the top cell is quite comparable to that of the SLAR reference 3JSC sample (74.2%). The maximum SWQE of 80.4% for the middle cell is slightly more than that for the SLAR reference 3JSC (i.e., 74.6%). Our results show that the pitch of the particles plays an important role in the response for the two sub-cells. However, it interesting to note that while different configurations of the NPs might have the potential to improve the sub-cells individually, the same geometry of the NPs did not yield the broadband enhancement required for the top and middle sub-cells together. Moreover, the DLAR layer was found to adequately provide broadband enhancement over the spectral region of interest for the top and middle sub-cells. We believe the Fabry-Perot oscillations for the middle cell seen in [Fig. 8(b,c)](#f8){ref-type="fig"} arise probably due to small index differences between layers in the stack considered in the simulations. The oscillations would be smaller in practice due to thickness non-uniformities and scattering.

The effect of the spacer thickness was investigated further using thinner layers of SiO~2~ and compared to the case with and without the Al NPs. Two cases of oxide thicknesses --25 nm, corresponding to the thickness used in the reference work[@b11], and 50 nm -- were chosen and are shown in [Fig. 8(b,c)](#f8){ref-type="fig"}, respectively. With a 25 nm-thick SiO~2~, the Al NP-decorated 3JSC shows a better broadband performance (see [Fig. 8(b)](#f8){ref-type="fig"}). However, the same case when compared to a 3JSC with an 80 nm-SiO~2~ SLAR did not perform as well. Similar trends were seen for the case with a 50 nm ARC in [Fig. 8(c)](#f8){ref-type="fig"}. As a further check, the performance of the GaAs photodiodes in the reference work[@b11] and discussed earlier was extended to include a 100-nm SiO~2~-based SLAR for comparison. As shown in [Fig. 1(d)](#f1){ref-type="fig"}, it is clearly evident that the standard 100-nm SiO~2~ can outperform the best Al NP reported by the group. While there is an evident increase in the photocurrent for the Al NP deposited configurations compared to the flat case with the same thickness of spacer layer as with the NPs ([Fig. 8(b)](#f8){ref-type="fig"}), it can be clearly seen that the potential for improvement is not promising compared to traditional SLAR-coated structures (reference sample). These results emphasise the importance of a proper reference comparison before the technological viability of a work is suggested. While there is scope to improve the performance of the Al NPs by a more thorough evaluation of the proper size, period, height and thickness of the underlying AR layer for a 3JSC or by using random NPs that have demonstrated broadband functionality in single-junction solar cells, it remains to be seen whether using the NPs on a thin spacer layer is sufficiently promising to outperform the antireflection coatings, which are cheaper and simpler and hence more commercially viable.

### SWR and SWQE for embedded NP configurations

Considering the fact that a thick SiO~2~ spacer/anti-reflection layer will reduce the light coupling between Al NPs and the semiconductor, we further investigate the potential of embedded Al NPs on top of a thin 25-nm spacer layer. The proximity of the NPs to the semiconductor will not compromise coupling, and the dielectric overcoating layer would provide the antireflection effect and resonance tunability of the particles. We look at SWR and SWQE for three configurations -- half embedded (H), as in [Fig. 9(a--d)](#f9){ref-type="fig"} ([Fig. 9(d)](#f9){ref-type="fig"} was with no spacer layer), almost fully (AF) embedded, as in [Fig. 10(a--c)](#f10){ref-type="fig"}, and the fully embedded (F) case, as in [Fig. 10(d)](#f10){ref-type="fig"}. Diameters of 50, 100 and 150 nm were studied. Comparing the different sizes, for the half embedded case, the NPs with a diameter of 50 nm attained the maximum SWQE at a pitch of 100 nm for both the top and middle sub-cells, with the performance achieving that of SLAR. The NPs with a diameter of 100 nm yielded different optimum configurations for the top and middle cells. The 150-nm diameter case did not perform as well as the other two cases, as shown in [Fig. 9(c)](#f9){ref-type="fig"}.

The case of NPs directly on top of the window layer without the 25-nm SiO~2~ spacer was simulated as well ([Fig. 9(d)](#f9){ref-type="fig"} for the 100 nm diameter NP). Comparing the case with and without the spacer layer, there was a clear benefit to having a thin spacer layer due to an enhanced driving field, which has been previously reported by our group[@b7]. For the almost-fully embedded case, the SWR drops and SWQE increase compared to the half embedded case. This result is attributed to the good antireflection properties of the combined SiO~2~ and Al NP case. It is interesting to note that for the case of almost-fully embedded NPs with a diameter of 100 nm and a pitch of 350 nm, SWQE for the top and middle cells are nearly identical, with a value of 76.5%, which is higher than the SLAR reference (74.2% and 74.6% SWQE for top and middle cells, respectively), as shown in [Fig. 10(c)](#f10){ref-type="fig"}. The improved performance of the cells compared to the non-embedded case here is because of the less back-scattered light lost from the nanoparticles into air, signifying less reflectance. The reduction in reflection for the D100H50 nanoparticles with the same 25 nm SiO~2~ layer at P350nm in [Figs 9](#f9){ref-type="fig"}(a),[10](#f10){ref-type="fig"}(b) and [10](#f10){ref-type="fig"}(d) for varying degrees of embedding is seen. While a larger fraction of the light will be scattered into the SiO~2~ spacer layer (owing to the larger refractive index compared to air) for the embedded case, there is a greater potential for it to be coupled back into the top cell as the layer is non-absorbing and has a lower escape cone. This effect is clearly evident in the case for the fully embedded case where the outcoupling losses into air are significantly reduced. This explains the better response for the fully embedded case compared to the SLAR, although the response from the sub-cells were different. A slight shift in the resonance position is also expected due to the change in the dielectric environment which may vary the scattering properties. Another reason is the better coupling of the scattered light into the cell. Embedding the nanoparticles allows thinner spacer layers (25 nm as compared to \~55 nm) allowing better interaction of light with the semiconductor layer. [Table 1](#t1){ref-type="table"} summarises the SWR and SWQE results of all the investigated structures for a 3JSC, including the case with SLAR and DLAR.

Our results show that while the nanoparticles have the potential for improving the performance of a 3JSC, achieving broadband light trapping with nanoparticles is challenging due to performance mismatch between the sub cells. We note that in this work, we have focused on particles sizes close to a 100 nm diameter with fixed height and shape, but there exists a huge parameter space for optimisation, which might possibly yield a suitable broadband scattering layer in Al NPs suitable for 3JSC including the use of randomly distributed nanoparticles which was not considered in the simulations. With careful design and optimisation, random subwavelength nanostructures have the potential to provide broadband light trapping[@b31], however they need to be reproducible and adapt to the current matching conditions of 3JSC cells which can limit the performance of cells. One of the important conclusions from this work is that, new light trapping techniques need to be able to compete with existing commercial technologies to be viable. However, the cost factor for fabricating embedded structures on commercial cells should be carefully considered.

Conclusions
===========

We have discussed the potential of periodic Al NPs for improving the EQE of GaInP/GaInAs/Ge triple junction solar cells. Parameters including the period of the NPs and the thickness of the underlying spacer layer were combined to optimise the performance of the top and middle sub-cells. Our results show that the optimum configurations of NPs on 3JSC for the top and middle sub-cells are not identical. The calculated EQE for the top sub-cell of 3JSC with optimum NPs is higher than the reference 3JSC with a SiO~2~-based single antireflection layer for wavelengths less than 500 nm, while 3JSC with optimum NPs demonstrate an increase in EQE for the middle sub-cell at wavelengths of 690--850 nm. Our results highlight the importance of comparing the performances of devices to standard references, and it can be concluded that though Al NPs placed directly on a spacer layer can improve the performance of 3JSC in certain parts of the spectrum, they cannot surpass the performance of a good antireflection layer. However, for configurations of NPs embedded in SiO~2~, it was found that there is potential for broadband improvement compared to standard antireflection coatings with the added advantage of obtaining similar responses from the top and middle cells, but subject to cost considerations.
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![Reproduced calculations for a GaAs cell for the photodiode structure reported in Ref 11 for a 100 nm diameter and 50 nm height Al nanoparticle array for different pitch as indicated\
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![Schematic of GaInP/GaInAs/Ge solar cell device structure used in the simulation.](srep11852-f2){#f2}

![Calculated\
(**a**) SWR and SWQE (**b**) Short current density for the top and middle sub-cells as a function of the thickness of the SiO~2~ layer without nanoparticles(**c**) Reflection for the optimised SLAR thicknesses of 80 nm and 140 nm for the top and middle sub-cells, respectively, along with the 25 nm spacer layer for comparison.](srep11852-f3){#f3}

![(**a**) SWR as a function of the underlying SiO2 thickness and NP period for D100H50, (**b**) Contour map plot of (**a**) with the green spot for minimum SWR at P168AR25.](srep11852-f4){#f4}

![(**a**) SWQE of the top sub-cell as a function of the underlying SiO~2~ thickness and NP period for D100H50, (**b**) Contour map plot. (Green spot indicates the maximum SWQE).](srep11852-f5){#f5}

![(**a**) SWQE of the middle sub-cell as a function of the underlying SiO~2~ thickness and NP period for D100H50, (**b**) Contour map plot. (Green spot indicates the maximum SWQE).](srep11852-f6){#f6}

![Calculated EQE spectra of the\
(**a**) top and (**b**) middle sub-cells configured with Al NPs of diameter 80--150 nm.](srep11852-f7){#f7}

![(**a**) Calculated EQE spectra of the optimum SLAR-3JSC with and without Al NPs, also including a SiO~2~-based SLAR and MgF~2~/ZnS-based DLAR reference. (**b**-**c**) Calculated EQE spectra of SLAR-3JSC with and without Al NPs for the optimised case on (**b**) 25 nm and (**c**) 50 nm SiO~2~ SLAR.](srep11852-f8){#f8}

![Calculated SWR and SWQE for half embedded Al NPs on top of 3JSC with\
(**a**--**c**) or without (**d**) a 25 nm thick SiO~2~ spacer layer for Al NPs with a diameter of (**a**) 50 nm, (**b**) 100 nm, (**c**) 150 nm, and (**d**) 100 nm.](srep11852-f9){#f9}

![Calculated SWR and SWQE for almost fully\
(**a**-**c**) or fully (**d**) embedded Al NPs on top of a 25 nm thick SiO~2~ spacer layer. Al NPs with a diameter of (**a**) 50 nm, (**b**) 100 nm, (**c**) calculated EQE spectra for the best case of D100P350 and that of the SLAR and DLAR, and d) fully embedded Al NPs with a diameter of 100 nm.](srep11852-f10){#f10}

###### SWR and SWQE values of all the investigated configurations used in this study.

  Configuration                                           SWR(%)          SWQE-top(%)      SWQE-mid.(%)         Note       
  ------------------------------------------------ -------------------- ---------------- ---------------- ---------------- -----------------------
  SLAR-reference                                         **13.8**           **74.2**         **74.6**      (80 nm SiO~2~)  
  DLAR-reference                                           3.1                73.2             83.3                        
  NPs-on-3JSC                                         D100-AR59-P375          11.5             74.3             73.2            Opt. for top
                                                      D100-AR56-P168          14.5             49.5             80.4           Opt. for middle
  Embedded NPs-on-3JSC (with 25 nm spacer layer)        **H-D50**        **8.7 \@P100**   **74.4\@P100**   **74.4\@P100**       Half embedded
                                                          H-D50            7.5\@P100        75.6\@P250       79.5\@P100                
                                                         AF-D100           5.6\@P300        76.5\@P350        78\@P250      Almost fully embedded
                                                    **\*AF-D100-P350**      **6.53**         **76.5**         **76.4**                 
                                                          F-D100           2.8\@P300        75.5\@P400       80.9\@P300        Fully embedded
                                                     **F-D100-P400**        **4.9**          **75.5**         **80.7**                 

Here, *H* stands for half embedded, *AF* for almost fully embedded and *F* for the completely embedded case.\* Shows the best case where the performances of the top and middle cells in the embedded-NP-modified 3JSC are simultaneously better than those in the SLAR reference 3JSC and yield similar values.
